The regulation of lipolysis in adipocytes involves coordinated actions of many lipid droplet (LD)-associated proteins such as perilipin, hormone sensitive lipase (HSL), adipose triglyceride lipase (ATGL), and its activator protein, CGI-58. Recently, the author and my colleagues described the cellular origin and physiological significance of micro LDs (mLDs) that emerge in the cytoplasm during active lipolysis, as well as the roles of key liplolytic proteins on mLDs in differentiated 3T3-L1 adipocytes. We suggested that, besides the surface of preexisting central LDs, LD-associated proteins such as perilipin, CGI-58, HSL, and ATGL are actively involved in lipolysis on mLDs that are formed by FA re-esterification but probably devote to increasing total triacylglycerol (TAG) turnover and thus potentially net FA release. Thus, regulation of mLDs as well as LD-associated proteins may be an attractive therapeutic target against lipid-associated metabolic diseases. Physiological strategies such as exercise training aimed toward fat loss by active lipolysis in adipocytes (i.e. fat mobilization) and fatty acid (FA) oxidation in muscles (i.e. fat utilization) have become of preferred therapeutic agents against metabolic disorders. However, yet remarkably little is known about molecular mechanisms underlying augmented capacity of active lipolysis induced by exercise training, which should be elucidated in the future.
Introduction
Excessive lipid accumulation in adipocytes is a central feature of obesity and metabolic syndrome. Obesity, as a result of inactivity and/or overeating, plays a key role in the development of insulin resistance and pancreatic beta-cell dysfunction, through the increased production of plasminogen activator inhibitor-1 and TNF-α from accumulated fat in obesity [1] [2] [3] . Excess energy is primarily stored as triacylglycerol (TAG) in the lipid droplets (LDs) of the mammalian adipose tissue, and those TAG reserves are hydrolyzed to supply fatty acids (FAs) to various tissues by a process called lipolysis, when the stored energy is required such as starvation and exercise. Thus physiological strategies such as exercise training aimed toward fat loss by active lipolysis in adipocytes (i.e. fat mobilization) and fatty acid (FA) oxidation in muscles (i.e. fat utilization) have become of preferred therapeutic agents against metabolic disorders. This review article focuses on the molecular mechanism of lipolysis in adipocytes, and explores the systemic lipid metabolism in vivo.
Lipid droplet (LD) biology and its regulation by LDassociated proteins
Lipid droplets (LDs) were long regarded as metabolically inactive lipid storage depots lacking an active role in cellular lipid metabolism. However, because of the recent discovery of LD-associated proteins, they are now considered as active organelles involved in diverse cellular processes, such as membrane traffic and lipid metabolism 4) . LDs are composed of a central core of triacylglycerol (TAG) or cholesterol ester (CE) and a surrounding phospholipid monolayer. Excess energy is primarily stored as TAG in LDs of adipose tissue, and the TAG reserves are hydrolyzed by a process called lipolysis, to supply FAs to various tissues in cases of energy demand such as starvation and exercise. The prevailing pathway of regulated lipolysis involving several lipases and LD-associated proteins are summarized as follows [5] [6] [7] [8] [9] . In quiescent adipocytes, perilipin binds to comparative gene identification (CGI)-58 (also called α, β-hydrolase domain-containing [ABHD] 5), a coactivator of adipose triacylglycerol lipase (ATGL), on the surface of LDs, hence preventing CGI-58 from interacting with ATGL. Perilipin also blocks hormone-sensitive lipase (HSL) from accessing LDs. Upon lipolytic stimulation by catecholamines, protein kinase A (PKA) phosphorylates perilipin, and phosphorylated perilipin releases CGI-58. CGI-58 is now free to interact with ATGL, and resulting ATGL/CGI-58 complex efficiently hydrolyzes TAG to diacylglycerol (DAG) and FA. DAG is then hydrolyzed to monoacylglycerol (MAG) and FA by phosphorylated HSL that is now freed from blockage by perilipin to be translocated to LD-surfaces. MAG Correspondence: thashimo@fc.ritsumei.ac.jp is further decomposed to glycerol and FA by MAG lipase. This model suggests the elaborate interactions of lipidassociated proteins on the surfaces of large central LDs to regulate TAG storage and lipolysis.
On the other hand, it was reported that LD-associated proteins including ATGL, HSL, perilipin and CGI-58 are distributed on small particulate structures 10) . As well, using coherent anti-Stokes Raman Scattering (CARS) microscopy, Yamaguchi et al. previously demonstrated that numerous micro-lipid droplets (mLDs) appeared in all areas of the cytoplasm 11) . CARS microscopy has high sensitivity to lipids abundant in long-chain hydrocarbons by tuning the laser wavelengths to CH stretch vibrational mode, and has proven to be an excellent tool for LD tracking (see the review by Evans and Xie 12) ). A recent study demonstrated, also by CARS microscopy, that mLDs are formed de novo during lipolysis when cellular FAs are overloaded, and suggested that mLDs protect cells from the toxicity of excess FAs 13) . Recently, Hashimoto et al. have established the cellular origin and physiological significance of mLDs as well as the functional interplay of LD-associated proteins during lipolysis in differentiated 3T3-L1 adipocytes 14) .
Dynamic trafficking of mLDs and LD-associated proteins in adipocytes lipolysis
Hashimoto et al. performed microscopy studies of the trafficking of key lipolytic proteins in differentiated 3T3-L1 adipocytes 14) . During lipolysis, GFP-perilipin was retained on the surface of large LDs, and also appeared on particulate structures in the cytoplasm (Fig.1A) . While some GFP-CGI-58 was also retained on the surface of large LDs, it was dissociated from large LDs to the cytoplasm upon lipolytic stimulation, and appeared on particulate structures in the cytoplasm (Fig.1B) . On the other hand, both HSL and ATGL showed cytosolic distribution in the basal state ( Fig.1C and 1D ). During lipolysis, HSL was rapidly redistributed to the surface of large LDs, and later exhibited particulate structures in the cytoplasm (Fig.1C) . While ATGL was mostly retained in the cytoplasm during lipolysis, this protein was also redistributed to the surface of large LDs, and exhibited particulate structures in the cytoplasm, though the images were blurred by intense cytosolic fluorescence (Fig.1D) . Overall, these lipid-associated proteins showed numerous particulate structures in the cytoplasm of 3T3-L1 adipocytes upon lipolytic stimulation.
In order to elucidate the origin of the TAG contents in mLDs, Hashimoto et al. employed multiplex CARS microscopy (CARS spectral imaging method, for details, see Okuno et al. 15) ) 14) . For this purpose, Hashimoto et al. pre-loaded 3T3-L1 adipocytes with deuterium-labeled palmitate (D-palmitate), and then subjected the cells to lipolysis in the absence of D-palmitate (see Fig. 2A ) 14) . The deuterium in a CD bond is heavier than hydrogen, placing CD vibrational stretching frequencies into near 2100 cm -1 , which is an otherwise silent region of the biological Raman spectra. By incubating differentiated adipocytes with D-palmitate and replacing some CH bonds with CD bonds, it is possible to selectively image a specific chemical bond (i.e. CD bond) using CARS contrast. The multiplex CARS microspectroscopy enabled us to obtain simultaneous imaging of CD and CH stretch vibrational modes (Fig. 2B) , and revealed that newly appearing mLDs are formed as a consequence of the fragmentation of large LDs and/or the re-esterification of intracellular FAs. On the other hand, when the re-esterification of intracellular FAs was inhibited with acyl-CoA synthetase (ACS) and DAG acyltransferase (DGAT) inhibitors, emergence of mLDs was suppressed (Fig. 2C) . These results indicate that mLDs are formed by re-esterification of FAs derived from central LDs, presumably occurring at the ER, because considerable portion of FA produced by lipolysis is usually re-esterified in adipocytes (Reshef et al., 2003) , and ACS and DGAT are localized primarily in ER, and ER membranes are often found close to LDs 16, 17) .
Active involvement of mLDs and LD-associated proteins in adipocytes lipolysis
Hashimoto et al. examined the significance of mLDs as well as the functional interplay of LD-associated pro- ) 151 JPFSM : Regulation of lipolysis teins in lipolysis 14) . The significance of mLDs might be explained by the increase in the surface area available for lipolysis. In their study, overall lipolysis as estimated by glycerol release was significantly lowered by blocking FA re-esterification and thus mLD formation, with ACS and DGAT inhibitors. During TAG synthesis on mLDs, glycerol produced by lipolysis was virtually all derived from glucose through glycolysis, not from free glycerol (Fig.  3) ; therefore, the lowered glycerol release by blocking FA re-esterification represents loss of contribution of mLDs in total lipolysis rather than any change in intracellular utilization of free glycerol (see Hashimoto et al. 14) ). Thus, mLDs are most probably active sites of lipolysis. mLDs contributes to nearly 50% of total FA release during lipolysis, indicating that a large amount of FAs generated by lipolysis is re-esterified into TAG, which is actively rehydrolyzed on mLDs. In accordance with this, the study demonstrated that HSL and ATGL, pivotal lipases in adipocytes, co-existed with perilipin and CGI-58 on mLDs, which disappeared upon blocking FA re-esterification 14) . Hashimoto et al. showed substantial rates of FA reesterification 14) , implicating a "futile metabolic cycle". What is the significance of mLDs generated on the basis of a futile metabolic cycle? The net efflux of FAs from the adipocytes, determined by the balance between lipolysis and FA re-esterification, can at most be equal to the total lipolytic rate and is typically less because of an active FA re-esterification process. Increased lipolysis assisted by mLDs would be a significant way to enhance the net efflux of FAs even without a change in re-esterification rate. The fractional turnover rate of mLDs is much higher 
G3P + Glycerol
Glycerol than that of large LDs, so a relative shift in the site of TAG turnover from large LDs to mLDs would greatly increase the probability of re-stored FAs being rapidly re-lipolyzed and thus mobilized from the cells. Overall, the appearance of rapidly turning-over mLDs may have a physiological relevance to enhance the lipolytic activity, thereby preventing an abundance of FAs recycling back to slowly turning-over pools of glycerolipids and phospholipids.
Exercise training and lipolytic activity in adipocytes
Previous studies demonstrated that exercise training increased hormone-stimulated lipolytic activity in adipose tissues of animals [18] [19] [20] . Ogasawara et al. hypothesized that exercise training is capable of stimulating lipolytic activity through the modification of lipolysis-related molecules, and investigated exercise-induced enhancement of LDassociated proteins 20) . They suggested that elevated levels of ATGL, which may be regulated via transcriptional activation of PPARγ-2, are involved in the exercise-induced enhancement of lipolysis in adipose tissue 20) . Regarding adipocytes responses to acute exercise, Wohlers et al. demonstrated that acute exercise elevated the expression of ATGL and HSL Ser660 phosphorylation 21) . Another study demonstrated that AMP-activated protein kinase (AMPK), a sensor of cellular energy state that responds to metabolic stress and other regulatory signals, was activated during lipolysis in adipocytes due to an increase in the AMP/ATP ratio 22) . As well, Ruderman et al. demonstrated that AMPK activity was increased in adipose tissue 30 min following treadmill running exercise in normal rats 23) , and the administration of AMPK activator N 1 -(β-D-Ribofuranosyl)-5-aminoimidazole-4-carboxamide (AICAR) to rats diminished adiposity 24) . Hashimoto et al. found that AICAR treatment significantly increased FA release via increased levels of phospho-acetyl-CoA carboxylase (Ser79) (p-ACC), phospho-AMPK (Thr172) (p-AMPK), and ATGL 14) . Furthermore, Hashimoto et al. showed that the effects of AICAR treatment on enhanced FA release were still observed even when CGI-58 was knocked down, via increased levels of p-ACC, p-AMPK, and ATGL (Fig. 4) 14) . These results suggest that AMPK is the exercise-inducible factor to increase lipolytic activity in adipocytes, via enhanced levels of lipid-associated proteins including ATGL, and attractive therapeutic effector against lipid-associated metabolic diseases by means of active lipolysis in adipocytes and FA oxidation in muscles.
Perspectives in lipid metabolism and exercise
Again, physiological strategies such as exercise training aimed toward fat loss by active lipolysis in adipocytes and FA oxidation in muscles have become of preferred therapeutic agents against metabolic disorders. In addition to elaborate interactions among LD-associated proteins, it is possible that the mitochondrial reticulum may play a pivotal role, not only in determining the oxidative capacity in muscles, but also lipolysis in adipose tissue, thereby regulating whole body lipid metabolism. The hypothesis that mitochondrial oxidative capacity affects lipolytic activity is supported by the observation of deficient mitochondrial respiration in isolated human fat cells following treatment with antimycin A and 2, 4-dinitrophenol 25) . Actually, in rodent models, mitochondrial content is reduced in adipose tissue of insulin resistance and type 2 diabetes mellitus (T2DM) 26, 27) . Furthermore, Sutherland et al. demonstrated that high-fat diet reduced mitochondrial proteins in adipose tissue thorough increases in plasma free fatty acid 28) . On the other hand, previous study demonstrated that exercise training increased mRNA of peroxisome proliferator-activated receptor (PPAR)-gamma coactivator 1alpha (PGC-1α), a master regulator of mitochondrial biogenesis, and mitochondrial proteins in rat adipose tissue, and suggested that exercise-induced increase in circulating catecholamine levels may be one potential mechanism of augmented mitochondrial biogenesis 29) . Because many studies have been focused on skeletal muscle mitochondrial biogenesis, it is reasonable to explore the molecular mechanisms underlying augmented mitochondrial biogenesis in adipocytes induced by exercise training based on the findings elucidated in skeletal muscles. In skeletal muscles, it has been reported that exercise increases the expression of PGC-1α through AMPK activation and calcium signaling pathways [30] [31] [32] . Additionally, Hashimoto et al. demonstrated previously that metabolic signals induced by lactate exposure can stimulate the transcription of genes involved in mitochondrial biogenesis in L6 skeletal muscle cells, and the reactive oxygen species (ROS), especially hydrogen peroxide (H2O2) was involved in the regulation of gene expression in skeletal muscle cells including PGC-1α 33) . Furthermore, in mouse skeletal muscle, Koves et al. demonstrated that either acute exercise or PGC-1α overexpression stimulated gene expressions of HSL, ATGL, CGI-58, and perilipin 5, which belongs to a family of lipid coat protein enriched in oxidative muscles, suggesting that there is an intimate molecular connection between LDs regulation and mitochondrial metabolism 34) . These findings imply that it is well worth examining whether these "exercise-inducible factors" in skeletal muscles could increase mitochondrial biogenesis as well as lipid-associated proteins, thereby increasing lipolytic activity in adipocytes 35) . It should be noted that these "exercise-inducible factors" could increase mitochondrial biogenesis in skeletal muscle cells, thereby enhancing the capacity of FA oxidation. Thus these exercise-inducible factors are attractive therapeutic effectors against lipid-associated metabolic diseases by means of active lipolysis in adipocytes and FA oxidation in muscles.
